Abstract. Shale rocks play an essential role in petroleum exploration
INTRODUCTION
Shales have been a particularly interesting rock in various applications of petroleum engineering. Rock-fluid interactions have been studied in the oil industry not just in the drilling phase, but also in completion, stimulation, and enhanced oil recovery projects, for over one hundred years. Performing a correct evaluation of how a rock or formation reacts when under stresses involved for production is critical for the success of many operations.
Shales are sedimentary rocks that have distinct laminated layering characteristics and high clay and/or silt content. There are two main chemical processes responsible for these formations, with two fundamental mechanisms: 1) neoformation -precipitation from solution; and, 2) transformation -a new clay mineral inherits part of its silicate skeleton from preexisting materials such as phyllosilicate [1] . Shales are typically laminated and fissile. In order for fine clay and silt particles to form, larger organic pieces must be broken down over time and deposited in environments conducive to shale formation. The processes that break down these larger pieces into clay or silt sized particles include chemical weathering in soils, formation of authigenic minerals at the sediments depositional sit, formation of diagentic minerals after deposition, and clay minerals formed by hydrothermal alteration [1] . These variations of minerals that create the shale rock make it very vulnerable to chemical reactions. Shales are subject to phenomena such as hydration, swelling, shrinking, and strength reduction when exposed to water and ions [1] .
Most of the time, the mechanisms controlling these reactions are very complex and not completely understood. They can result in a hydrophilic nature of clay particles, which is somewhat influenced by the chemical and mechanical environments the clay materials are exposed to. The chemical effects are from the intermolecular forces between clay particles and pore fluid inside the shales, typically creating an ion exchange much like an osmotic membrane. The pore water is generally much more salty than the fresh water injected into formations during hydraulic fracturing. Also, the type and amount of clay groups and subgroup in the shale play an important role in distinguishing different hydrological behaviors of the rock. This is a result of where the charge deficiency is located (silica tetrahedral or alumina octahedral sheet), as well as of a continuous charge in shale pore pressure and composition [1] .
Clay minerals are classified as 'silicates' but their chemical compositions typically have more oxygen than Si, Al, or Mg, so many arguably consider them as (hydr)oxides of silicon, aluminium, or magnesium [2] . Shale rocks predominantly composed of clay such as kaolinite, smectite, and illite. They might also have other silica and carbonate based minerals that contribute to their geomechanical strength. Ian C. Bourg documented different shale rock formations showing the relationship between their utility and composition. Clay mineral content was identified as a very important variable that controls key material properties of these formations. Shale formations with high clay content (> 35%) are utilized as seals for carbon capture and storage (CCS) and nuclear waste storage because of their low permeability and resilience to the formation of fractures [3] .
MATERIALS
The Marcellus shale is found in the Appalachian Basin of eastern North America. Like most Devonian Appalachian shales with more than 2% (by volume) of organic materials, it tends to be black and classified as shales/mudrocks. These Black shales can contain more than 20% percent (by volume) of organic material, with organic carbon totaling up to 20 weight percent of the rock [4] . This late Devonian was formed in an oxygen-poor marine condition that resulted in the deposition of a dark mud and anoxic environment. It is part of the Hamiliton Group [5] . Black shales often are enriched with redox-sensitive metals and have varying solubilities under different oxygen levels -i.e. some have higher solubility in high oxygen environments than low oxygen environments and vice versa. It has been estimated that the metal enrichment in the Marcellus shale was formed roughly 400 million years ago and this created conditions of metal enrichment based on water chemistry and oxygen level [6] .
The Marcellus Shale is made of dark-gray to black, fissile, pyritic shale. It is interbedded with dark-gray argillaceous limestone or calcareous shale [7] . Some areas also contain a fossiliferous layer of limestone which is the Purcell Member of the Marcellus Shale [7] , and prominent zones of calcareous concretions ranging in diameter from several centimeters to more than 1 m (3.3 ft). The clay minerals in this Devonian-aged shale from the Appalachian basin are illite, chlorite, kaolinite, and two types of mixed-layer clay. Mixed-layer clay minerals result from the random interlayering of two or more clay minerals, including random interlayering of illite and an expandable mineral such as smectite, (called illite-smectite mixed-layer clay) and a random mixture of illite and either a degraded chlorite or a vermiculite [8] .
The Marcellus formation has an especially interesting shale rock because not only it is considered for carbon capture and storage (CCS) compatibility, but regarding the latest advances in hydraulic fracturing technology, it can be used in the production of natural gas. The core samples used in this experiment are from an active production well in Washington County, PA, U.S. from depths of 6,300-6,450ft as shown in Fig. 1 . 
Sample preparation
Six Marcellus shale samples are tested in this study including one outcrop and five core samples from an active production well. All of the samples are cut with a diamond saw into a small piece with approximately 1 x 1 inch in size and the thickness around 0.5 inch. Then specimen was then grinded, polished down to 1 μm and ultrasonic cleaned. Finally, the specimen was oven dried for at least 24 hours to avoid the difference caused by moisture content.
Micro and nano-indentation
Micro indentation gives the average mechanical properties over the large area of different grains while nano-indentation could give the localized mechanical properties of a single grain. For the indentation tests, the indenter tip with a known geometry (Vickers Diamond) is driven into a specific site of the sample to be tested, by applying an increasing normal load. After reaching a pre-set maximum value, the normal load was paused for few seconds, then reduced until complete relaxation occurs. During the loading-unloading process, the position of the indenter relative to the sample surface is precisely monitored with an optical non-contact depth sensor. For each loading-unloading cycle, the applied load value versus position of the indenter was plotted. Hardness and elastic modulus are determined through load-displacement curve using Oliver & Pharr's method [9] . The Schematic of indentation apparatus is shown in Fig. 2 and the basic parameters used are shown in Table 1 .
Scanning Electron Microscopes (SEM)
For SEM imaging, the rock samples were first vacuumed and then sputter coated with 6nm thick carbon. The microscope used for obtaining the SEM images was FEI Quanta 3D FEG dual beam FIB/SEM system at 20 kV. High resolution microscopy offered an insight into sample microstructure at micro to nanometer scale. 
Microstructure of the Rock
Optical microscopy images of the outcrop sample showing a minimum fracture of all samples, as for the deep cores and the amount of fractures increased as the depths increase. The cores samples are not completely representative of the in-situ condition as they are taken into the surface condition and oven dried, release of the overburden pressure amplified the fractures, shrinkage of the swelling clays could also contribute to the development of fractures, even so, these pictures still indicated the higher stiffness at the top portion of the formation than the bottom portion, as it maintains better integrity.
Optical images were taken of the samples before indentation was performed. These images are shown in Fig. 3 . It is easy to see differences in fracture widths and basic compositional lamination differences.
The SEM analysis of the samples highlights major differences in textures, composition, and fracture sizes. Fig. 4 shows a micrograph of the outcrop and core Sample 2 at a 200μm scale. Fig. 5 shows a comparison of the outcrop and core Sample 7 at 100 μm. From the SEM micrographs, outcrop sample has a lot more iron sulfide pockets than on both of the core samples, and the average fracture width increases as the depth increases. The larger fractures in the deeper samples indicate that they most likely have lower mechanical properties as the depth increases, which is also verified in the following experiment.
Micro indentation
Results from micro indentation (Fig. 6) showed the outcrop has overall higher mechanical properties, while within the same formation, the mechanical properties have a decreasing trend as the depth increased. The significant difference in mechanical properties between top and bottom portions of the formation can result in different fracture responses because mechanical properties of the rock are the key factor for determining the likelihood of fractures initiating and propagating.
Based on the results, the bottom portions of the formation are more likely to start fractures as they are less mechanically stable, but with softer grains, the fractures are likely to heal faster at subsurface condition. For the top portion, higher stress is required for fracture initiation, once fractured, and grains with higher hardness behave more rigid which will help to support the open fractures. 
Nano indentation
Nano indentations were done on both outcrop and core3, and the results are plotted in Fig. 7 . The yellow spots represent grains with higher mechanical properties, which clearly showed more in outcrops hardness map. These rigid grains were evenly distributed which ends up an overall higher bulk hardness as shown in the result from micro indentation (Fig.  6) . The Young's Modulus maps are relatively close comparing with the hardness maps because the calculation of hardness is based on plastic deformation of single grain, while the Young's modulus is always a composite response from all surrounding phases.
From the E distribution maps shown in Fig. 8 , both samples have a large portion of data points laid in the range of clay minerals of kaolinite, smectite and illite while the outcrop may have higher quartz and mica content. The outcrop sample also has some high E grains, which could be chlorite or metal oxide.
Clay minerals have layered structures which often carry negative surface charges, which adsorb and hold cations by electrostatic force forming a double layer. The cation exchange capacity (CEC) of shale is proportional to its clay content, and has been shown to be related with its geomechanical properties [10] . The existence of this double layer can also reduce effective porosity, resulting in a decrease in permeability. The thickness of the double layer is dominated by the clay mineralogy, increasing from chlorite to kaolinite to illite to smectite, it is also influenced by salt concentration of the pore fluid [11] . Therefore, the type and amount of clay content are the key factors affecting shale sealing capacity, as both of them control the CEC which determines the mechanical and petrophysical properties of the rock. The properties of clay mineral from the literature have much wider ranges due to the properties anisotropy caused by its platy microstructure. Progressive burial of the sediments caused mechanical compaction during the deposition, clay platelets are forced towards a parallel bedding alignment, with a rapid reduction of porosity and permeability, created layered structured shale rock [15, 16, 17] . From the micrometer size platy grains to meso-/ marco-scale layered rock, the significant anisotropy of properties were inherited.
CONCLUSIONS
Nano indentation could be an excellent two-dimensional mapping tool for examining the properties of constituent phases independently of each other in composite material microstructures. Mechanical maps could be used for correlating individual phase properties with bulk response.
Mechanical maps could be used for correlating individual phase properties with bulk response measured by micro indentation. Combing the mechanical properties map with high resolution microscopy (SEM), the mineralogy/morphology can be also correlated. The mechanical properties map can be also done on other multiphase composite such as cement to study the intrinsic properties of each component, as well as the interaction and properties of the bond and interfacial regions of different phases. It might also be useful for modeling the rock/cement behavior to predict the fracture occurrence potential, as it linked the microstructural features with their mechanical properties.
